Introduction
Human granulocyte colony stimulating factor (hG-CSF)' has recently been biologically and biochemically characterized and purified (1, 2) , molecularly cloned (3) and successfully expressed in Escherichia coli (3) , as a recombinant protein. This hematopoietic regulator has been shown to promote the proliferation and differentiation of neutrophil granulocytes both in vitro and in vivo (1) (2) (3) (4) (5) (6) (7) . Furthermore, polymorphonuclear leukocytes from treated animals demonstrate an enhanced ability to reduce nitroblue tetrazolium and respond normally to standard tests for chemotaxis and chemoluminescence (5) . Re- 1 . Abbreviations used in this paper: ANC, absolute neutrophil count; hG-CSF, human granulocyte colony-stimulating factor; IMDM, Iscove's modified Dulbecco's medium; rhG-CSF, recombinant hG-CSF.
cently, we have demonstrated that cynomolgus monkeys treated with either high-dose cytoxan (60 mg/kg per d X 2 d) (5), busulfan (8) or in the setting of autologous transplantation (9) have an accelerated recovery of their neutrophil counts after treatment with recombinant hG-CSF (rhG-CSF).
This report represents the complete Phase I results obtained from a Phase I/II clinical trial designed to explore the use of rhG-CSF in cancer patients at risk for chemotherapyinduced neutropenia. In this portion of the study, the dbjectives were to define the clinical safety, pharmacokinetics, and hematopoietic cell response to rhG-CSF administration.
Methods
Patients. 22 patients who fulfilled the criteria for the diagnosis oftransitional cell cancer of the genitourinary tract were treated with rhG-CSF after giving informed consent. The patients ranged in age from 41 to 77 yr and had a median Karnofsky performance status of 90 (60-100). One patient had received prior systemic chemotherapy 1 yr before entry; four patients had been previously treated with pelvic irradiation for bladder (3) or colon (1) carcinqma 1-8 yr before rhG-CSF treatment. Only patients with normal neutrophil (1,500-8,800/ mm3) counts were eligible for the study. All patients had normal platelet counts (> 100,000/mm3), preserved coagulation function (prothrombin < 14 seconds; partial thromboplastin time < 35 s), normal serum calcium, electrocardiogram, and chest x ray, adequate renal function (blood urea nitrogen < 30 mg/dl; creatinine < 2.0 mg/dl), hepatic function (bilirubin < 1.5 mg/dl), life expectancy of 6 mo or more and the ability to sign a written consent form. Concomitant treatment with corticosteroids, trimethoprim sulfamethoxazole, chloramphenicol, H2 7 and day 14, respectively. Cultures were stimulated by the addition of either 50, 500 or 5,000 U of rhG-CSF, rhGM-CSF or 10% vol/vol conditioned medium from the human bladder carcinoma cell line 5637.
Neutrophil function. Mature neutrophils were separated and obtained as a distinct population by subjecting peripheral blood to a discontinuous Percoll gradient (10) . Neutrophils recovered from the 75% layer were adjusted to 106 cells/ml. Chemotaxis was measured using a modification of the method of Boyden (1 1 twice and detected by flow cytometry (FACS IV; Becton-Dickinson). rhG-CSF. The rhG-CSF (Lot 604, 0.27 mg/ml) used in these studies was produced by recombinant DNA techniques. The hG-CSF gene was isolated and then inserted into and expressed by E. coli (3) . Recombinant hG-CSF purified from E. coli has a molecular weight of 18,800 and is > 95% pure (3) . The recombinant protein formulated in an aqueous buffer contains < 0.06 EU/ml endotoxin as measured in a limulus amebocyte assay. The specific activity is -1.0 X 108 U/mg of protein as measured in a CFU-GM or thymidine incorporation assay (3).
G-CSF immunoassay. G-CSF levels were quantitated by a solidphase sandwich immunoassay (12, 13) using polyclonal rabbit antirhG-CSF, a G-CSF monoclonal antibody and 125 I labeled anti-immunoglobulin (New England Nuclear, Boston, MA) (Chang, D., H. Hockman, and B. Altrock, manuscript in preparation). The sensitivity of the assay employed was 100 pg/ml and a linear dose response was observed through 0.2 ug/ml in human serum. Serum samples were collected at indicated time points (0, 1, 5, 10, 15, 20, 40, 60, 10, 120, 240, 360, 480, 720, 960, and 1,440 min) following rhG-CSF administration, diluted and assayed (at least in triplicate) in parallel with appropriate standards for G-CSF quantitation. Experimental variability in this assay routinely averaged < 5%. Regression analysis of this data using the StatView 512+ (Brainpower, Inc., Calabasas, CA) program allowed slope and, consequently, t1/2 determination according to conventional methods as described in Shargel and Yu ( 14 
Results
Absolute neutrophil count (ANC). 22 patients were entered onto this study. 21 (Fig. 1 ). This augmentation in neutrophil count plateaued by day 3 and remained consistently elevated throughout the remaining treatment period (Fig. 1) . In patients treated with 60 ,ug rhG-CSF/kg, a rapid increase in the circulating neutrophil count was also observed after the first day of rhG-CSF administration; however, throughout the course of the subsequent 5 d of therapy, the neutrophil count continued to rise without attaining a sustained plateau. After discontinuation of rhG-CSF, the total WBC count and the ANC decreased by one-half within the first 48 h. Subsequently, blood counts in patients receiving [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Atg/kg per d returned to within the normal range in 2-4 d.
The WBC count in patients who received higher doses of rhG-CSF Asg/kg per d) required a longer period (4-7 d) to return to normal values. Patients with a history of prior radiation treatment exhibited the highest baseline neutrophil counts and the highest ANC following rhG-CSF administration; however, the fold increase in ANC observed was similar to that seen in the respective cohort of other patients treated with the same dose of rhG-CSF.
When the average ANC on days 6 and 7 of treatment was compared to the average ANC of the two pretreatment values, a 1.8-12-fold increase in the ANC was noted (Table I ). In patients receiving 1-10 gg/kg per d of rhG-CSF, this increase in ANC was due to an absolute increase in mature segmented PMN granulocytes with some increase in band forms at the I 0-,ug dose level (Table II) . In patients receiving higher doses of rhG-CSF (30-60 ,g/kg per d), the increase in the ANC also included a small percentage of immature neutrophils (Table  II) . In addition, at doses of 10 ,ug/kg per d or more of rhG-CSF, an increase in band forms was initially seen within the first 24 h, concomitant with the initial rise in the circulating ANC (data not shown). Other morphological changes including Dohle bodies, toxic granulations, and decreased nuclear lobulation were observed in neutrophils from rhG-CSF-treated patients. These (Table IV) . It is interesting to note that this patient had a pretreatment ratio almost twice that of the other patients.
An estimation of cellularity was assessed by examining the spicules ofthe marrow and comparing the hematopoietic to fat cell ratio. In three of four patients treated at a dose of 3-10 leg/kg per d, the increase in marrow cellularity and myeloid elements in particular was primarily due to an increase in the number of mature segmented neutrophil granulocytes present. In two of three evaluable patients treated at a dose of ,ug/kg per d this change in cellularity resulted from a marked increase in the proportion of promyelocytic neutrophil granulocytes in addition to an increase in nonsegmented and segmented forms. The granule content of these promyelocytes was also markedly increased. CFU-GM. Bone marrow and peripheral blood CFU-GM were assessed in nine patients before and on the sixth day of rhG-CSF treatment (2 3 gg/kg). Circulating CFU-GM were responsive in most cases to growth stimuli provided by either rhGM-CSF (500 U), rhG-CSF (500 U) or 10% (volume to volume) conditioned medium from the human bladder cell line 5637, which is known to contain GM-CSF as well as IL-I (Hemopoietin-1) (15, 16). There were no peripheral blood CFU-GM detectable before rhG-CSF administration in eight of nine patients. One patient before treatment had circulating CFU-GM, as measured in a 14-d assay (18 colonies with rhG-CSF, 8 colonies with rhGM-CSF and 10 colonies with 5637 supernate). On the sixth day of treatment with rhG-CSF, the number ofCFU in the peripheral blood rose substantially in all the patients tested (day 7 CFU-GM, 0-29 colonies with rhG-CSF, 0-87 colonies with rhGM-CSF and 0-12 colonies with 5637 supernate; day 14 CFU-GM, 0-29 colonies with rhG-CSF, 0-26 colonies with rhGM-CSF and 6-31 colonies with 5637 supernate). In contrast, bone marrow-derived day 7 and day 14 CFU were either unchanged (1 gg dose level) or decreased in all but one patient who was treated with 60 ,g/kg (data not shown).
Pharmacokinetics. Circulating levels of rhG-CSF were assessed by radioimmunoassay of patient serum samples collected at intervals after administration. A subset of five patients receiving rhG-CSF at the 10-60-Ag/kg per d dose levels were studied. For a period of 40 min immediately after cessation of the rhG-CSF infusion, the levels of rhG-CSF remained relatively constant and proportional to the dosage of material administered. After 40 min, the serum levels of rhG-CSF decayed logarithmically with time allowing the calculation of elimination kinetics. Fig. 2 Clinical manifestations. Treatment with rhG-CSF was well tolerated in most patients. Mild to moderate bone "medullary" pain was the only clinical side effect noted in all patients receiving 3 ,ug/kg per d or more of rhG-CSF. This medullary discomfort was characterized as a transient pulsating pain localized primarily to the lower back, posterior iliac crest, and sternum. Sternal discomfort was in most cases elicited only by history and not by direct complaint. This medullary pain in all but three instances was associated only with the infusion, having its onset 10-15 min into the infusion of rhG-CSF, in most cases, on day 1 and days [4] [5] [6] of treatment. In the three other instances, discomfort also occurred 4-8 h after rhG-CSF administration. One patient developed more pronounced sternal pain, occurring several hours after rhG-CSF administration. Pulmonary and cardiac evaluation including chest x ray, cardiogram, and creatinine phosphokinase were unremarkable. The pain resolved after a single dose ofdiazepam and the patient remained asymptomatic. On the following day, before rhG-CSF administration, a repeat cardiogram revealed trigeminy. Although the patient had a history oftrigeminy, it was felt that the evaluation of any treatment-related toxicity would prove difficult. Therefore, a decision was made to discontinue this patient's treatment. In one female postmenopausal patient with mild osteoporosis, medullary pain was associated with diffuse bone pain relieved only by indomethacin. Other side effects associated with the therapeutic use of cytokines and lymphokines (18, 19) were not observed. Episodes of sternal discomfort were not found to be associated with any changes in electrocardiograms or cardiac enzymes. No change in physi- Laboratory evaluation revealed a marked increase in the leukocyte alkaline phosphatase (a marker ofsecondary granule formation in mature myeloid cells), serum alkaline phosphatase (nonfractionated), without a concomitant increase in either 5' nucleotidase or gamma glutamal transpeptidase and lactate dehydrogenase (Table V) . In addition, a mild increase in serum uric acid was recorded in patients treated at the 30-60-lig dose level (Table V) . All values returned to normal or near baseline within 1 wk of discontinuing rhG-CSF treatment. No changes in coagulation parameters including prothrombin time, partial thromboplastin and thromboplastin time or fibrinogen were noted. In 2 of 17 evaluable patients, a mild increase in fibrin degradation products was detected during treatment.
Discussion
We examined the effects of intravenously administered rhG-CSF over a dose range of 1 to 60 ug/kg in patients with transitional cell cancer before their receiving combination chemotherapy. The administration of rhG-CSF resulted in a dosedependent increase in the ANC in all patients. In patients receiving a dose of > 10 Mg/kg this augmentation of the WBC count was associated with an increase in the appearance of nonsegmented neutrophil granulocytes in the peripheral blood both at 24 h after the first dose ofrhG-CSF and on days 6 and 7 of rhG-CSF. In addition, the elevation in the circulating WBC count was accompanied by an increase in the bone marrow cellularity and myeloid to erythroid cell ratio in all patients receiving 3-60 ug/kg rhG-CSF, except patient 9 who received 10 ;ig/kg. Patient 9 had previously been treated with pelvic irradiation. In this individual an augmentation in the myeloid to erythroid cell ratio was observed at baseline. After treatment with rhG-CSF, no further increase in this ratio was recorded. The increased baseline ratio suggests that myeloid cells were already stimulated, perhaps by endogenously produced colony-stimulating factors. We are presently investigating sera from patients who have received prior pelvic irradiation on multiple courses of myeloablative chemotherapy for enhanced G-CSF production. It may be necessary to give patients with increased myeloid to erythroid ratios and/or endogenously 6.5 mg/dl) elevated G-CSF levels higher doses of rhG-CSF to shorten the duration of neutrophil nadir from myelosuppressive therapy. Indeed, preliminary results from the second phase protocol (where rhG-CSF is administered on days 4 through 11 after initial M-VAC chemotherapy) indicate that four patients having received prior pelvic irradiation had neutrophil nadirs more pronounced than in the majority ofpatients who had not received any prior cancer therapy (Gabrilove, J., manuscript in preparation).
The changes in the number of neutrophil granulocytes, both in the peripheral blood and bone marrow as well as the evolving left shift seen with higher doses of rhG-CSF, would suggest that granulopoiesis is regulated at more than one level in response to this hormone. At the lowest dose level, the approximate twofold increase in the neutrophil count was not associated with either the appearance of nonsegmented neutrophil granulocytes in the peripheral blood or with any change in the bone marrow myeloid to erythroid cell ratio. This would suggest that the increase in WBC count seen at this dose level was due to either an increase in release of mature neutrophils or to a shift from the marginated to the demarginated pool. The mechanism of this potential shift remains unclear, but is perhaps regulated by an alteration in expression of neutrophil associated cellular adhesion molecules, a property that has recently been described for GM-CSF (20) . At higher dose levels, the initial increase seen by 24 h in the number of peripheral blood nonsegmented and segmented neutrophils suggests a direct or indirect effect of rhG-CSF on both the release of leukocytes from the bone marrow storage compartment as well as on the transit time through the nondividing maturation pool. The appearance of neutrophils containing both Dohle bodies and toxic granulations further implies that the transit time of cells through both the mitotic and nonmitotic compartments was decreased (21) . The increase in neutrophil count may also reflect an increase in the half-life of circulating neutrophils, since rhG-CSF appears to increase the survival of neutrophil granulocytes in vitro (22) . Finally, the increase in marrow cellularity and myeloid to erythroid cell ratio and specifically, the increase in the percentage of promyelocytes in patients treated with 30-60 ,ug/kg, demonstrates the effect of rhG-CSF on the proliferation of the bone marrow mitotic compartment.
The augmentation of granulopoiesis induced by rhG-CSF administration in vivo in man and the morphological changes noted in circulating neutrophils are similar to that described after the administration of endotoxin (23) (24) (25) (26) . In mice treated with lipopolysaccharide, G-CSF has been detected in the serum by 3 h (27) . In man, colony-stimulating activity has been described to be increased after administration of endotoxin (28) . More recently, we have been able to demonstrate by means of a radioimmunoassay that the serum levels of G-CSF are extremely high in patients treated with Novo-pyrexal, purified preparation of endotoxin (Gabrilove, J., and L. Souza, unpublished observation). It is likely that much of the WBC change seen in the setting ofinfection are in fact secondary to the effects of endogenously produced G-CSF.
Neutrophil function, as measured by chemotaxis, proved difficult to interpret, given the differences in the state of neutrophil activation before patients received rhG-CSF. Prior studies have suggested that neutrophil migration and activation can be correlated with the extent of disease (29, 30). Neutrophils from patients with early stages of cancer have demonstrated both an increase (30) and a decrease (31) in chemotaxis.
In all but one of eight evaluable patients, bone marrow derived CFU-GM were unchanged or decreased after administration of rhG-CSF. This decrease in CFU-GM per hundred thousand mononuclear cells could reflect: (a) a relative dilution in light of the increase in overall marrow cellularity in these patients, (b) a transient decrease in the size of the CFU-GM pool due to cell maturation, and/or (c) a decrease in the transit time of cells through the CFU-GM compartment, causing a decrease in the number of progenitors detected at any given point in time. All three possible explanations may be valid depending on dose, route, and schedule of rhG-CSF administration and time of bone marrow sampling. Finally, the estimation of the real change in marrow CFU-GM content is hampered by the inability to accurately assess the size of the medullary compartment in these patients.
The most consistent effect on hematopoietic progenitors was an increase in the peripheral blood day 14 CFU-GM. Peripheral blood in both normal individuals (32, 33) and cancer patients (34, 35) contains a variable number of committed myeloid progenitor cells. An increase in these circulating progenitors have been reported in patients with solid tumors as well as acute nonlymphocytic leukemia in early remission, recovering from myeloablative chemotherapy (34, 36) . Harvested autologous peripheral blood stem cells, obtained during this postchemotherapy recovery phase, have been employed to achieve hematopoietic reconstitution after intensive chemotherapy or chemoradiotherapy with some success (37, 38) . One of the major problems with this approach has been the relatively low number of circulating stem cells under normal steady state conditions. The ability to potentially increase the number of autologous peripheral blood progenitors, by pretreating patients with rhG-CSF, would render this approach to transplantation more feasible. The observed increase in peripheral blood CFU-GM seen in our patients suggests a means by which one could facilitate procurement of a sufficient quantity of autologous progenitors to support hematopoietic reconstitution after potentially lethal doses of chemotherapy.
Recombinant hG-CSF was well-tolerated with the exception of mild to moderate medullary pain, associated with the acute administration of rhG-CSF and correlating with the peak serum levels of rhG-CSF achieved. An increase in the serum alkaline phosphatase was also observed that was not hepatic in origin, suggesting a derivation from bone. We are presently investigating this possibility.
This report demonstrates that rhG-CSF is a potent stimulus for normal neutrophil proliferation in man. The potential clinical efficacy of rhG-CSF in the treatment of either iatrogenic (chemotherapy, radiation, bone marrow transplantation) or disease-related (cyclic neutropenia, congenital agranulocytosis, aplastic anemia, lymphoid leukemias) neutropenic disorders is presently under investigation.
